single electron abstraction, but the exact redox mechanism is still poorly understood. The finding in our laboratory that the Cp-atom of Trpl71 carries a unique modification led us to initiate experiments to investigate the role of this residue. These experiments, employing crystallography, site-directed mutagenesis, protein chemistry, spin-trapping and spectroscopy, yielded the following results : (i) Trpl71 is stereospecifically hydroxylated at its CB-atom as the result of an auto-catalytic process, which occurs under turnover conditions in the presence of hydrogen peroxide. (ii) Evidence for the formation of a Trpl71 radical intermediate has been obtained using spin-trapping, in combination with peptide
Introduction
The metalloenzymes lignin peroxidase (Lip) and laccase, secreted by filamentous fungi from the class Basidiomycetes, are the only known enzymes being able to degrade the recalcitrant plant cellwall constituent lignin. This rather heterogeneous and complex biopolymer consists of phenyl propanoid units linked by various non-hydrolysable C-C and C-0 bonds [l] . Due to their high redox potentials and their enlarged substrate range in the presence of specific mediators Lips and laccases have great potential for application in various industrial processes [2] . Lip, being a haemcontaining glycoprotein with an unusually low pH mapping and protein crystallography. (iii) Trpl71 is very likely to be involved in electron transfer optimum [3] , is able to catalyse the oxidation of a variety of compounds with reduction potentials from natural substrates to the haem cofactor via LRET. (iv) Mutagenetic substitution of Trpl71 exceeding 1.4 V (versus normal hydrogen electrode) [4] . As with other haem peroxidases, ferric Lip is first oxidized by H,O, to compound I, a two-electron-oxidized intermediate, which is then reduced by one substrate molecule to the second intermediate, compound 11. Further reduction back to the resting enzyme can be accomplished either by the same substrate molecule or a second one. One oxidizing equivalent in compound I is stored as an oxoferryl species [Fe(IV)=O]'+ and the second either as a porphyrin n-radical or a protein-based radical cation. The specificity of Lip for reducing substrates is rather broad, but the most important one is veratryl alcohol (VA; 3,4-dimethoxybenzyl alcohol). VA, a secondary metabolite of the ligninolytic fungus Phanerochaete chrysosporium, can also function as a mediator for the oxidation of compounds that are otherwise not substrates of LIP [5] . Despite the availability of high-resolution crystal structures and a wealth of kinetic and spectroscopic data the exact catalytic mechanism of Lip, even with small molecular substrates, is still poorly understood. In particular, the exact interaction site(s) of Lip with its substrate(s) are still elusive. Previously, a hydroxy group at the CD of the surface residue tryptophan 171 in the crystal structure of a fungal Lip was detected [6] , and has highlighted this residue as important. The finding of this unprecedented post-translational modification initiated further investigations, employing crystallography, site-directed mutagenesis, protein chemistry, spin-trapping and spectroscopy. The results of these experiments have far-reaching consequences for the understanding of the enzyme's redox mechanism [7-lo] . 
Description of fungal LIP structures
The structures of two fungal Lip isozymes have been characterized by means of protein crystallography [6, [20] . T h e haem, which divides the protein into a proximal and a distal domain, is buried in the interior of the protein with restricted access to it from the outer medium via a small channel. This channel, which is similar to the classical haem-edge substrateinteraction site found in ARP [21] and horseradish peroxidase [22] , has a significantly smaller entrance than other peroxidases, e.g. ARP [20] .
From the first crystal structure of Lip it became obvious that the haem-access channel is not of sufficient size to allow the large polymer lignin access to the haem [ l 13. On the other hand this channel appears to form the only crevice or pocket where small molecule substrates can find a suitable binding site. It was probed by modelling studies [12, 23, 24] , which supported its suitability for the binding of VA (Fig. 2) . But attempts to elucidate the exact binding site of VA or other substrates by X-ray crystallography or NMR have been unsuccessful so far. A possible explanation for these negative results could be that perhaps a specific binding mode for VA could not even be expected. This conjecture is supported by the observation that dimethoxylated arenes like 1,4-dimethoxybenzene can be oxidized by Lip [25] and replace VA in mediating the oxidation of 4-methoxymandelic acid [5] .
Hydroxylation of the C/3 atom of Trpl7l in LIP
During the crystal structure determination of fungal Lip in our laboratory, a significant residual electron density close to the surface residue Trpl71 became visible at a resolution of about 2 A I I 2 ( Fig. 3) . It was interpreted as a hydroxy group covalently bound to the CPatom of Trpl71 [6] , an amino acid which is conserved in all known Lip sequences. T o verify the nature of this unprecedented amino acid modification further and to probe the possible role of Trpl71 and of its substituent for the catalytic mechanism, various protein chemical experiments were performed [7] . In a first step tryptic digestion of the enzyme was done and the Trpl71-containing peptide was isolated using HPLC. While, under ambient conditions, this peptide displays a normal tryptophan absorbance spectrum, elevated temperature and slightly acidic conditions give rise to an absorbance spectrum with I,,, = 333 nm. This unusual absorbance could be explained by the occurrence of an extended conjugated system of a$-didehydrotryptophan resulting upon water elimination from B-hydroxy tryptophan. The strikingly similar spectrum of the model compound N-acetyl-a,P-didehydrotryptophanamide is in accordance with this proposition. The same experiments performed with recombinant and refolded Lip [26] do not result in an absorbance at I,,, = 333 nm. Therefore, this enzyme has not such a modified amino acid. However, the addition of hydrogen peroxide resulted in P-hydroxy tryptophan formation at residue 171. This process, which was found to compete with reducing substrates, does not depend on the presence of 0, [7] . These experiments strongly suggest that the reaction leading to this unique modification in Lip is an auto-catalytic self-oxidation, which occurs 
VA modelled into the haem-access channel of Lip
In this position the substrate is with its 4-methoxy group within van der Waals distance of the 8-methyl substitutent and the propionate group ofthe pymle ring A ofthe haem. A hydrogen bond of the hydroxy group of VA with His82 at the entrance of the channel is depicted as a white line. The view is from the solvent towards the haem.
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0 200 I Biochemical Society readily in the presence of H,O,. Since such conditions exist in ligninolytic cultures of the fungus due to the presence of an oxidase-based H,O,-generating system, this explains why the modification was found in LIP, which was obtained from the fungus.
Significance of Trp I 7 I and role of its hyd roxylation
It has been noticed previously that after Lip compound I formation, the enzyme turns quite rapidly to compound 11, even in the absence of reducing substrates [27] . In view of the above finding, it appeared likely that Trpl71 functions as the endogenous electron donor of Lip compound I reduction, which implies the formation of a T r p radical cation and in turn the involvement of Trpl71 in the catalytic cycle. This assumption was tested by treating LIP with the tryptophanspecifc agent N-bromosuccinimide, which led to a drastically reduced activity with respect to VA oxidation [7] . The outcome of this experiment suggests the involvement of T r p l 7 l in catalysis. Furthermore, since the neighbouring residue 172 is within van der Waals contact, via its Cp atom, of the haem, it is likely that via this route an electron pathway (with a distance of about 11 A) exists between the haem and the surface residue Trpl71 ( Fig. 3) . Residue 172 is either a Leu or a Met in Lip. Therefore, these two amino acids should enable the contact of a CP atom to the haem edge in either case.
In experiments using site-directed mutagenesis the role of Trpl71 in Lip was further challenged [8] . Recombinant enzyme, with Trpl71 substituted by Phe or Ser, shows essentially no residual activity towards VA, while compounds I and I1 are unable to react with the substrate. Surprisingly, these two mutants maintain essentially unaltered activity with two artificial, negatively charged dye substrates [8] . On the other hand, a charge-neutralization mutation in the haem-access channel in which Glu146 was replaced by Gly exhibits an increased pH optimum for the oxidation of a negatively charged difluoroazo dye and a doubling of catalytic activity if compared with the wild-type enzyme [8] . These mutation experiments not only underline the importance of Trpl71 for the catalytic mechanism, but also show that there are two distinct substrate-interaction sites in LIP. In fact, two other groups recently supported the significance of Trpl71 for VA oxidation. One of them was able to introduce oxidation activity of non-phenolic aromatics into a manganese peroxidase by substituting the Ser for a T r p in a position equivalent to 171 in LIP [28] . Wild-type manganese peroxidase cannot oxidize these substrates. The other group has cloned a new type of haem peroxidase, which has a T r p in this position and is able to oxidize Mn2+ as well as VA [29] . Furthermore, in the crystal structure of a class I11 plant peroxidase, a cysteine residue was found to be bound to glutathione [30] . It is interesting to note that this easily oxidizeable amino acid is rather close to the position corresponding to Trpl71 in LIP.
Concerning the function of the hydroxy group at the CB atom of Trpl71 nothing specific can be said. But, at least it can be concluded that the hydroxylation is not a pre-requisite for VA oxidation by Lip, since this substrate competes with the self-oxidation leading to Trpl71 hydroxylation (see above). Taking into account only simple chemical considerations on substituent effects it would be expected that the O H group has an electron-withdrawing effect on the indole ring, which would possibly influence the stability of a radical cation at the indole ring and subsequently its reactivity. Using the stopped-flow technique the kinetics of spontaneous conversion of compound I to I1 of recombinant LIP in its pristine (an enzyme that has not been reacted with H,O, and therefore is not hydroxylated at Trpl71) and oxidatively processed state were measured (W. Blodig and K. Piontek, unpublished work).
The comparison of these data shows 1 .Sfold faster decay, indicating an electron-withdrawing effect to be operative. But another function of the hydroxylation can be envisaged. T r p radicals are a reactive species and can lead to destructive reactions on the indole ring. An enzyme that relies on a functional Trp, however, should protect itself against such reactions. Following this argument, the hydroxylation in Lip can be seen as a destructive step, but one that leaves the indole ring intact and functional. Subsequent degrading steps could then be prevented since the OH group reduces the accessibility to the indole ring and reduces conformational freedom of the side chain.
A transient radical on Trp I 7 I
A proposed mechanism for the hydroxylation at Trpl71 starts with the formation of the T r p radical cation [7] . Evidence for a Trpl71 radical intermediate was obtained by using spin-trapping with methylnitrosopropane (MNP) in combination with peptide mapping and crystallography [9] . In the presence of H,O,, M N P forms a covalent adduct with Trpl71. A peptide containing this reaction product shows a characteristic visible absorbance spectrum, which is similar to the one obtained from the model compound N-acetyltryptophanamide, M N P and a one-electron oxidation system. The precise site that the spin-trap is attached to could be located in a crystal structure of Lip, which was treated as described above. This site is the C6 atom of the indole ring [9] .
Recombinant LIP structures
In order to complement the kinetic work we determined the high-resolution crystal structures of recombinant Lip isozyme H8 in the pristine state (lacking hydroxylation at Trpl71), of the oxidatively processed enzyme (hydroxylated at T r p l 7 1) and of the T r p l 7 1 Phe mutant [lo] . These proteins were obtained from the activation/ refolding procedure of insoluble protein expressed in Escherichia coli [26] . Whereas wild-type Lip isolated from fungal cultures is always oxidatively modified due to the hydrogen peroxide-producing oxidases secreted by the fungus, in E. coli expressed Lip has to be refolded in oitro, allowing its preparation in the pristine state. shows that they are very similar, having small main-chain root-mean-square displacements of about 0.7 A. Only four C-terminal residues have substantially different conformations in the two structures, which was expected since there is low sequence homology in this region. Other significant structural differences of a small number of surface residues can be solely ascribed to crystalpacking effects. No structural consequences due to the absence of glycosylation could be detected in the recombinant enzyme structure. T h e structure of the pristine enzyme is virtually identical to that of the CB-hydroxylated form, besides the absence of the O H group. A water molecule, which is found in both structures in a small cavity near the CB atom of Trpl71, is ideally positioned to attack the C/3 atom stereospecifically, leading to an S-configured CP atom only, as can be observed in the crystal structures [6, 10] . T h e Trpl71Phe mutant structure shows only subtle changes too, if compared with the models of the wild-type enzymes. This structure was determined in order to exclude the possibility that the complete lack of activity in this variant with the natural substrate VA was due to structural changes. Small structural differences can be recognized only in the close vicinity of the side chain of residue 171. Importantly, the mutation does not cause any changes in the conformation of the helix, which contains the proximal haem-iron ligand His1 76. Therefore, the complete lack of activity of the Trpl71Phe mutant with respect to VA can be attributed entirely to the absence of the redox-active indole side chain.
Co-ordination of the haem and redox potential
For a redox protein like Lip the co-ordination of the haem iron is crucial for the reactivity of the enzyme. Whether a water molecule is bound at the distal side of the haem, in other words whether the ferric iron of the resting enzyme is six-or five-coordinated, has been a matter of dispute in the past. Our investigations of the highresolution crystal structures of various fungal and recombinant Lips show consistently that the iron is six-coordinated, with a mean Fe-OH, distance of 2.18 A. This result is in accordance with recent spectroscopic investigations [3 13. Another important issue regarding the reactivity of Lip refers to its high redox potential. Previously, we noticed that the bonding distance of the proximal His to the iron in the low-resolution structure of LIP is significantly longer than in the structure of cytochrome c peroxidase. T h e latter has a lower redox potential than Lip. Based on these data we proposed a correlation of the redox potential with the Fe-N (proximal His) distance among haem peroxidases [6, 11] . A longer bond length could be the reason for the higher redox potential of LIP, since it causes the iron to be more electron deficient, which in turn destabilizes higher oxidation states. T h e longer bond length of the iron to the proximal His176 in LIP on the other hand is the result of a strong interaction of the conserved Ser177 with the proximal calcium and of a short hydrogen bond to an adjacent peptide. These interactions force the proximal His-containing helix to move further away from the haem, therefore increasing the bond length. In fact, the previously determined bonding distances of the proximal His to the haem iron in the fungal Lip structures were nicely reproduced in the structures of the recombinant enzymes. Further confirmation of the correctness of these values was recently obtained from the structure of the fungal enzyme, which we have now refined to a resolution of 1.46 A (W. Blodig and K. Piontek, unpublished work). It is worth mentioning that a similar mechanism, as described above for the tuning of the redox potential in haem peroxidases, might also be operative for the redox potentials of laccases (M. Antorini and K. Piontek, unpublished work).
Introduction
The key step in lignin biodegradation is oxidation by H,O, catalysed by peroxidases [l]. Three peroxidases involved in lignin degradation are produced by white-rot fungi, the well-known lignin and manganese peroxidases (Lip and MnP), first described in Phanerochaete chrysosporium, and the versatile peroxidase (VP) recently described in Pleurotus and Bjerkandera species [2-4]. Biochemical and molecular characterization of Ph. chrysosporium peroxidases has been reported because of their potential in paper pulp manufacturing and other biotechnological applications. Lip is characterized by its ability to oxidize highredox-potential aromatic compounds including veratryl alcohol (VA) and MnP by Mn2+ oxidation, Mn3+ chelates acting as diffusing oxidizers. VP combines the catalytic properties of the two above peroxidases, being able to oxidize typical MnP and Lip substrates.
A new versatile peroxidase
The ability of a peroxidase to oxidize both Mna+ and aromatic compounds was reported first in Pleurotus eryngii [2] . Then, other VPs were iso-
